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Abstract 
High-pressure torsion (HPT) was applied to the structural refinement of an age-hardenable Al-Cu alloy. HPT deformation gives 
rise to a grain refinement down to sizes of 100nm and introduces various types of open volume defects. Positron annihilation 
spectroscopy (PAS), especially the chemical sensitive method of two-dimensional Doppler-broadening spectroscopy (2d-DB), 
was used for a detailed analysis of the deformation-induced vacancy-type defects and the vacancy-solute interaction. The 
correlation between microstructure and thermal annealing is discussed. HPT-deformed Al-3wt%Cu shows predominantly 
deformation-induced positron traps with a strongly reduced copper environment in comparison with the undeformed sample. 
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1. Introduction 
Bulk nanostructured materials exhibit interesting properties in combination with a dense structure [1]. Methods to 
produce such materials are widely known as severe plastic deformation. Severe plastic deformation (SPD) includes 
methods such as equal channel angular pressing (ECAP), hydrostatic extrusion (HE), rolling and folding and high 
pressure torsion (HPT). To understand the materials properties, detailed knowledge on the defect structure and 
atomic disorder produced by the HPT process are essential. Recently Al alloys have become subject of 
investigations on the grain refinement as well as of the dissolution and formation of precipitates upon severe plastic 
deformation [2, 3]. Positron annihilation spectroscopy [4] has proven to be a sensitive method to investigate open 
volume defects, vacancy-solute interaction and the precipitation process of age hardenable Al-Cu alloys [2, 3, 5]. 
Primarily the 2-dimensional Doppler broadening (2d-DB) spectroscopy presents a sensitive tool to investigate the 
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chemical environment of open volume defects in aluminum accompanied by copper [2, 5]. In this study a solution 
treated and quenched Al-3wt%Cu alloy was subject to HPT deformation. Hardening effects and the influence on the 
microstructure on this model alloy were investigated utilizing 2d-DB. 
2. Materials and Methods 
For the present study an Al-Cu alloy with 3wt% copper was homogenized and subsequently cut into slices with 
approx. 2 mm thickness and 14 mm in diameter. The samples were then solution treated at 550°C for three hours in 
argon atmosphere and finally quenched in water of 15°C. Two of these samples were afterwards deformed by HPT 
at room temperature. The samples were subject to 3.5 revolutions, applying a pressure of 2.1 GPa. The shear strain 
can be calculated according to = 2 nr/t with r, n and t the distance from the center, the number of revolutions and 
the thickness of the sample respectively, which yields a shear strain at the investigated area of  ~ 55. This 
corresponds to a von Mises equivalent strain of v ~ 32. Further deformation does not lead to further microstructural 
refinement of the material, indicating that a saturation regime is reached [6, 7]. 
For comparison undeformed samples with the same pre-treatment (solution treated at 550 °C for three hours and 
quenched in water of 15°C) were also studied. Both the HPT and the undeformed samples were subject to 
accumulative isothermal (193°C) for up to 290 hours and subsequent isochronal (1h) heat treatment starting from 
230°C in approximately 30°C steps until 531°C. 
Figure 1: 2d-DB spectra of undeformed and HPT deformed Al-3wt%Cu in comparison to that of pure annealed Cu and pure ball-milled 
aluminum. Plotted are the ratio curves with respect to pure annealed aluminum. Both Al-Cu samples were pre-treated under the same conditions 
(solution treated and quenched). 
Studies of 2d-DB were performed in the same manner as described elsewhere [8]. Summarizing briefly, the 2d-
DB measurements were performed in a coincidence setup of two high purity Ge detectors with an energy resolution 
of the two detector system of 0.88 keV (FWHM) related to the 511 keV -line. A peak to background ratio ~1×106 
was achieved, which ensured sensitivity to annihilation events with high momentum (core) electrons. All 
measurements were performed at room temperature. The normalized 2d-DB spectra were divided by the spectrum 
measured on well annealed pure aluminum (F/FAl). The region ranging from electron momenta of 0 to 
approximately 2.5 m0c × 10-3 indicate annihilation with the valence electrons while the region above approximately 
15 m0c × 10-3 can be attributed to the annihilation with core electrons. The momenta of the core electrons give the 
information on the chemical element the electron comes from and, therefore, serves as elemental fingerprint (see fig. 
1). Additionally studies of the microstructure were preformed by transmission electron microscopy (TEM) using a 
Philips CM12 transmission electron microscope as well as by scanning electron microscopy (SEM). These 
measurements were performed on a second sample, with isochronal annealing at a typical temperature of 190°C for 
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up to 144 hours [6]. The focus within this short contribution will be on the results of the 2d-DB measurements. The 
microstructural aspects will be presented in more detail in an upcoming publication [7]. 
3. Results and discussion 
In the first part the undeformed reference sample is discussed. Figure 1 shows the 2d-DB spectra of the 
undeformed reference sample in comparison to pure annealed or ball-milled aluminum, to deformed pure copper as 
well as to the HPT sample. The solution treated and quenched undeformed reference sample shows enhanced F 
values at low momenta (<2.5 m0c × 10-3) compared to pure undeformed Al as typical for positron trapping at open 
volume defects. At a momentum of approximately 10 m0c × 10-3 a local maximum can be identified. This local 
maximum can be attributed to the localization of the positrons in Al-vacancies, typically found at 8 m0c × 10-3 [9] 
and also visible in the spectrum of pure ball-milled aluminum (fig. 1). 
The slight shift of the positron confinement peak of Al-3wt%Cu (10 m0c × 10-3) compared to that of pure 
aluminum (8 m0c × 10-3) may indicate Cu environment at the positron annihilation site. This is also supported by the 
momentum range above 15 m0c × 10-3, where a negative slope similar to the deformed copper spectrum can be 
identified. The solution treatment and quenching of the Al-3wt%Cu alloy therefore leads to aluminum vacancies 
(confinement peak), which are stabilized by copper atoms (copper like slope). A similar conclusion was drawn by 
Folegati et al. [10] and Somoza et al. [5]. 
Figure 2: 2d-DB spectra of the undeformed sample at different annealing stages. Plotted are the ratio curves with respect to pure annealed 
aluminum. The undeformed sample was first subject to isothermal treatment at 193°C for up to 290h and additional isochronal (1h) annealed at 
higher temperatures. 
Figure 2 shows the evolution of the 2d-DB spectra of the undeformed sample caused by aging at isothermal 
(193°C) and isochronal (1h) conditions. Upon annealing for 1 hour at 193°C the positron confinement peak at 10 
m0c × 10-3 has vanished, indicating that the positrons are no more localized at vacancies in aluminum. In addition, 
the spectrum shows a reduced similarity to the copper signal than in the as quenched state. These features can be 
attributed to annealing of the vacancies and the beginning formation of semicoherent ’ precipitates. Upon long-
time annealing at 193°C a re-increase of the copper signal can be monitored (fig. 2). At this temperature and 
annealing time, typically platelet shaped semicoherent ’ precipitates are dominant as shown in figure 3 B after 
annealing for 144 hours. A mean length and a distance in between of these precipitates of ca. 500 nm [6, 7] can be 
deduced from figure 3 B. We therefore conclude that the positrons are trapped at misfit dislocations between the 
matrix and the semicoherent ’ precipitates and that the continuous formation of these precipitates leads to the 
increasing copper signature observed by 2d-DB. A similar trend upon prolonged annealing at 180°C was reported by 
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(B)
Ferragut et al. [11]. Following a slight decrease after 1 minute at 180°C, they found a strong re-increase of the 
copper fraction between 12 hours and 300 hours at 180°C. 
Further annealing at 193°C for up to 290 hours does not change the 2d-DB spectra significantly. Subsequently an 
isochronal annealing of the sample was performed. As shown in figure 2, a significant decrease of the copper 
signature can be monitored (see, e.g., 320°C-1h). This decrease of the copper signature is related to a coarsening of 
the platelet-shaped semicoherent ’ precipitates as observed by SEM micrographs [7]. At higher temperatures, from 
350°C onwards, the transformation of the ’ precipitates into the equilibrium  precipitates occurs (according to 
[12]). At temperatures of 400°C and above, the 2d-DB spectra fit to that of pure aluminum, but a minor copper 
signature remains (fig.2, 504°C-1h). This can be attributed to a partial dissolution of the precipitates at these 
temperatures and to the formation of metastable phases, while the sample is cooled down to room temperature, 
similar to results presented by Melikhova et al. [12]. 
Figure 3: TEM micrographs of the HPT deformed (A) and undeformed (B) sample after aging at 190°C for 144h. The spherical shaped Al2Cu 
equilibrium precipitates of the HPT sample (A) can clearly be distinguished from the platelet shaped semi-coherent metastable ’ precipitates of 
the undeformed reference sample. 
Figure 4: S & W parameter plot of Doppler broadening, relative to pure and well annealed aluminum.  HPT deformed and undeformed 
reference sample. The locations of deformed aluminum and copper are outside of the plot, indicated by arrows. Arrow 1 shows the evolution of 
the S&W parameter of the as prepared (solution treated and quenched or HPT) samples upon the first annealing for 1 hour at 193°C. Arrow 2 
describes the evolution of the further annealing at 193°C until 290h were reached. The evolution of the S&W parameter upon annealing at 
temperatures higher than 260°C is assigned by arrow 3. Almost no further changes can be seen after annealing at 373°C for 1 hour. 
Figure 4 shows the Shape (S) and Wing (W) parameter plot of the measured Doppler spectra. These parameters 
were divided by the parameters S0 and W0 of a well annealed aluminum sample, indicated by the point in the center. 
The S-W parameter plot serves as the chemical fingerprint of the positron annihilation site (for details of the method 
(A)
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see, e.g. [8]). The sequence discussed above can be clearly identified as well. The first annealing of the undeformed 
sample at 193°C leads to a shift towards aluminum (indicated by the arrow 1 in fig. 4), while further annealing at the 
same temperature leads to a pronounced shift of the W parameter towards pure copper (indicated by the arrow 2 in 
fig. 4). This demonstrates a decrease of the copper environment at the first annealing stage, followed by an 
accumulation of copper at the annihilation site. At temperatures higher than 260°C the W parameter shifts back 
towards that of annealed aluminum (indicated by the arrow 3 in fig. 4). The variation of the chemical environment 
of the positron annihilation site, deduced from the S&W plot is therefore fully consistent with the shape analysis of 
the fraction spectra. This clearly shows the consistency of the 2d-DB spectroscopy method. 
The spectrum of the HPT-deformed Al-3wt%Cu sample (fig. 1) shows a quite different behaviour. The HPT 
deformed sample exhibits a pronounced similarity to the ball-milled aluminum sample. In particular, the position of 
the local maximum of the deformed sample is rather similar to that of the ball-milled pure Al sample. This indicates 
that positron annihilation occurs at sites with pure aluminum environment and reflects the high density of open 
volume defects produced by HPT. A high dislocation density and high number of grain boundaries, due to a 
crystallite size in the range of typically 100nm is introduced by HPT [13, 14]. Therefore positrons are effectively 
trapped at dislocations and grain boundaries. However, despite the similarity with deformed aluminum, a weak 
copper signature can be identified at high momenta by 2d-DB (see fig 1). This copper signature, indicated by the 
negative slope of the HPT ratio parameter curve, may result from precipitates and possibly copper segregation at 
grain boundaries. In fact precipitates at grain boundaries and at triple junctions can be identified by TEM [6, 7]. 
As discussed by Faller [6] in more detail, no metastable precipitates, but the equilibrium Al-Cu phase is formed. 
A similar finding was reported from Murayama et al. [15] for Al-1.4at%Cu, deformed by ECAP. They found that 
after annealing at 100°C after deformation the stable Al2Cu structure was formed without forming metastable 
phases. Straumal et al. also found the formation of the equilibrium structure for HPT deformed Al-Zn at room 
temperature [16]. 
Figure 5: 2d-DB spectra of the HPT-deformed sample at different annealing stages. Plotted are the ratio curves with respect to pure annealed Al. 
The HPT-deformed sample was first subject to isothermal treatment at 193°C for up to 290h and additionally isochronal (1h) annealed at higher 
temperatures. 
In Figure 5 the annealing-induced evolution of the 2d-DB spectra of the HPT-deformed sample is shown. After 
the first annealing step (193°C-1h), the positron confinement peak clearly looses intensity. The slope of the 
spectrum at higher momenta has changed its sign from negative to positive and can therefore not be attributed to a 
copper signature any more. Since, according to XRD, Al2Cu precipitates are formed in this temperature regime, we 
attribute this behaviour to the growth of the equilibrium-type precipitates and to the annealing of the remaining 
copper-associated defects. With further aging up to 168h at 193°C, the spectra converge to that of well annealed 
aluminum. This can be explained by the recovery of the deformation-induced defects. In fact, TEM micrographs 
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reveal a pronounced crystallite growth up to 1-2 μm upon annealing at 190°C for 144h (figure 3 A). This shows that 
dislocations and grain boundaries are lost in this temperature regime.  
According to TEM, the HPT-deformed sample shows equilibrium-type precipitates at grain boundaries and triple 
junctions (fig. 3 A, 190°C, 144h), whereas in the undeformed sample the platelet shaped semicoherent precipitates 
are still present in this annealing stage (see figure 3 B). The size of the equilibrium Al2Cu precipitates ( ) is found 
to vary from 50 and 200 nm [6, 7]. The mean distance between these precipitates is in the range of 880 nm. The 
strongly reduced copper signature in the deformed sample can be assigned to the strongly reduced trapping at the  
precipitates due to the larger mean distance compared to the closely packed semicoherent ’ precipitates in the 
undeformed sample (distance ca. 500 nm, see above). 
Upon annealing at elevated temperatures (up to 230°C) the 2d-DB spectra of HPT-deformed sample further 
approach to that of pure Al. This is due to a further coarsening of the Al grain, and of the precipitates. At 
temperatures from 350°C onwards, the spectra of the HPT deformed sample and the undeformed reference sample 
are rather similar. In both cases equilibrium precipitates are present which dissolve at high temperatures and form 
metastable phases while cooling down to room temperature. Both the similarity between the undeformed and 
deformed spectra as well as the Cu signature are obvious by comparing the spectra of the reference sample and the 
HPT sample after annealing at 504°C for 1 hour (fig. 3 and fig. 4). 
This trend upon annealing can be clearly derived from figure 4 as well. Initially the HPT deformed sample shows 
a shift toward deformed aluminum (arrow 1 in fig. 4), followed by a slow drift towards the defect-free aluminum 
(arrow 2 in fig. 4), which is the center point. At temperatures higher than 373°C, the HPT and undeformed sample 
exhibit the same S & W parameter. 
4. Summary 
It could be shown that HPT deformation is a valuable technique for grain refinement of the age-hardenable Al-
3wt%Cu alloy. The HPT-deformed alloy showed a fine-grained microstructure stabilized by  precipitates. In 
contrast to the undeformed sample, no metastable Al-Cu precipitates are formed upon annealing. 2d-Doppler 
broadening revealed that dominant trapping occurs at deformation-induced dislocations and grain boundaries. 
Copper-related defects are strongly reduced compared to the undeformed reference sample.  
References 
[1] M.J. Zehetbauer and Y.T. Zhu, Bulk Nanostructured Materials, Wiley-VCH, Weinheim, 2009 
[2] W. Lechner, W. Puff, B. Mingler, M.J. Zehetbauer, and R. Würschum, Scr. Mater. 61, 2009, 383 
[3] R. Ferragut, P.V. Liddicoat, X. Liao, Y. Zhao, E. J. Laverina, R.Z. Valiev, A. Dupasquier, and S.P. Ringer, J. Alloys Compounds 495, 2010, 
391 
[4] U. Brossmann, W. Puff, and R. Würschum, in: E. Kaufmann (Ed.), Characterization of Materials, John Wiley, NJ, USA, on-line publication. 
Available from: <http://onlinelibrary.wiley.com/doi/10.1002/0471266965.com110/abstract > 
[5] A. Somoza, M.P. Petkov, K.G. Lynn, and A. Dupasquier, Phys. Rev. B 65, No. 21, 2002, 094107 
[6] M.J. Faller, Diploma Thesis, University of Leoben, 2010,  
[7] P. Parz, M.J. Faller, R. Pippan, W. Puff, and R. Würschum, to be published 
[8] W. Puff, H. Rabitsch, G. Wilde, G.P. Dinda, and R. Würschum, J. Appl. Phys. 101, 2007, 123512 
[9] A. Calloni, A. Dupasquier, R. Ferragut, P. Folegatti, M.M. Iglesias, I. Makkonen, and M.J. Puska, Phys rev B 72, 2005, 054112 
[10] P. Folegati, I. Makkonen, R. Ferragut, and M.J. Puska, Phys. Rev. B 75, 2007, 054201 
[11] R. Ferragut, G. Ferro, M. Biasini, A. Dupasquier, and A. Somoza, Mater. Sci. Forum 445-446, 2004, 75 
[12] O. Melikhova, J. Cizek, I. Prochazka, J. Kuriplach, I. Stulikova, and J. Faltus, Materials Structure 8, 2001, 61 
[13] T. Ungar, E. Schafler, P. Hanak, S. Bernstorff, and M.J. Zehetbauer, Mater. Sci. Eng. A 462, 2007, 398 
[14] M. Zehetbauer, J. Kohout, E. Schafler, F. Sachslehner and A. Dubravina, J. Alloys Compounds 378, 2004, 329 
[15] M. Murayama, Z. Horita, and K. Hono, Acta Mater. 49, 2001, 21 
[16] B.B. Straumal, B. Baretzky, A.A. Mazilkin, F. Phillipp, O.A. Kogtenkova, M.N. Volkov, and R. Valiev, Acta Mater. 52, 2004, 4469 
